A B S T R A C T Human peripheral blood neutrophils (PMN) obtained from healthy adults were examined in vitro with techniques adapted to assess the effects of chemotactic factors (CF) on cellular configuration and adhesiveness. The results were compared with those that use certain conventional techniques for assessing chemotaxis and chemokinesis. Exposure of PMN to Nformyl-L-methionyl-L-phenylalanine (f-Met-Phe), zymosan-activated serum, bacterial chemotactic factor, or a low molecular weight chemotactic factor from activated serum (C5a) in the absence of a gradient resulted in a change in cellular shape from a spherical to a polarized configuration in a high percentage of cells. This occurred rapidly in suspension, under conditions designed to exclude a role for cell adhesiveness, and was reversible upon removal ofthe CF. Restimulation ofcells with the CF resulted in reappearance ofthe polarized configuration to the same extent as on initial stimulation with one exception: f-Met-Phe pretreated cells failed to respond to f-Met-Phe, though they responded fully to the other CF. Each CF caused a significant increase in PMN attachment to proteincoated glass. This enhanced adhesiveness was not reversible upon removal ofthe CF when the cells were treated under conditions shown to produce chemotactic deactivation. Cells treated under these conditions also exhibited significantly reduced motility on glass and in micropore filters in the absence of a gradient of CF. Bacterial chemotactic factor, even at high concentrations, failed to produce deactivation and did not cause a sustained enhancement of adhesiveness. INTRODUCTION An event which accompanies neutrophil locomotion is attachment to a substratum. Attachment to a surface seems to be a prerequisite for migration in vitro (1) (e.g., to glass or plastic) and in vivo (2) (e.g., to endothelial cells), and has been thought to contribute to the development of the polarized cellular shape assumed by neutrophils during migration in vitro (3) . There is considerable evidence to support the idea that the nature of the interaction of some cell types with the substratum in vitro influences translocation (1, (4) (5) (6) . The influence may be on the direction of movement (e.g., haptotaxis) or the rate of movement. The possible influence of the cell-substratum interaction on aspects of neutrophil motility such as cellular polarity, translocation, orientation and migration in a chemotactic gradient, and chemokinesis is unclear at present.
In this report we will examine two aspects of the effects ofchemotactic factors (CF)' on neutrophil motility in vitro: the development of cellular polarity and the enhancement ofcell adhesiveness to a substratum. The results indicate that CF stimulate the development of a bipolar cellular configuration under conditions designed to exclude a role for cell adhesiveness, and that CF can increase neutrophil adhesiveness under conditions where few cells exhibit a bipolar shape. Furthermore, by using assessments of cellular shape and adhesiveness, we were able to obtain results that show a correlation between enhanced adhesiveness and reduced motility in the phenomena of chemotactic deactivation and cross deactivation (7). Assessment of changes in neutrophil shape. A modification of the method of Lichtman et al. (11) was used. Suspensions of 106 PMN in 1 ml of HBSS were exposed to the various conditions and reagents described. The pH was adjusted with 5% CO2 in air. At the appropriate time, the cell suspension was added dropwise to 10 ml of cold (4°C) 1% glutaraldehyde in 0.1 M cacodylic acid (Sigma Chemical Co., St. Louis, Mo.). The glutaraldehyde solution was mixed constantly while the cells were being added. After remaining in the cold glutaraldehyde solution for 1 h the cells were washed and resuspended in 0.1 ml of distilled water. The PMN were examined with a x 100 phase-contrast objective and classified according to shape (Fig. 1 (25, 000) , and ovalbumin (45,000). Fractions in the 20,000-to 10,000-mol wt range were assayed in modified Boyden chambers. Those showing chemotactic activity were pooled and frozen at -70°C. The pool containing chemotactic activity had 40 ,ug/ml protein. This reagent will be referred to as C5a and the concentrations ofthis reagent used in the experiments in this report will be expressed in micrograms of protein per milliliter.
The-factors used in the following studies produced chemotactic and chemokinetic responses (14) in the human PMN. ZAS was maximally effective at a 10% dilution, f-Met-Phe at 1 IuM, BCF at a 1:2,000 dilution, and C5a at 40 ,ug protein/ml. Presentation and analysis of data. In many instances the results of experiments are expressed in terms of percent. The specific derivation of the percentage value will be given for each procedure. The data are expressed in terms of the mean+SEM; n represents the number of separate experiments. Each experiment contained duplicate or triplicate determinations. Student's t test was used to assess significance.
RESULTS
Effects of CF on cell shape. Fig. 1 shows the appearance of PMN fixed in suspension with buffered glutaraldehyde. If kept at room temperature (m22°C) before fixation, the cells were mostly rounded with a slightly ruffled membrane on a small portion of the surface ( Fig. la, b) . The addition of a CF to the cell suspension resulted in a change in PMN shape. In "double blind" experiments, changes could be detected 30 Effects of CF on cell adhesiveness. Cells injected into the slide chamber were observed through an inverted phase-contrast microscope. As PMN suspended in HBSS settled onto the lower surface ofthe chamber, most appeared spherical and essentially the same as cells fixed in suspension (Fig. la) . Levels of adhesiveness were significantly affected by pretreatment of the cover glass with a solution of BSA or human serum. The exposure of the glass to BSA in HBSS or 5% human serum in HBSS for 2 mmn followed by washing in two changes of HBSS reduced attachment (Table  I) when compared with cover glasses exposed only to HBSS. Higher percentages of serum in the pretreatment solution resulted in even less attachment (10, 20 , and 40% serum resulted in 31.4, 16.2, and 10.8% attachment, respectively). The percentage of cells in the bipolar category (Fig. lc-e) was not altered by this pretreatment of the glass surface.
The addition of CF to the cell suspension 60 s before injecting the cells into the chamber resulted in several changes in the counts. As can be seen in Table II , attachment of cells to albumin-treated glass increased significantly upon addition of0.1 nM f-Met-Phe though the percentage of bipolar forms was not different than control. The percentage of bipolar forms did increase significantly upon addition of 1 ,uM f-Met-Phe. f-MetPhe, BCF, and C5a significantly increased attachment of PMN to serum-treated glass (Table II) . The rate of (Fig. 3) . The (Fig. 3) . DMSO also did not affect attachment. The reversibility of the enhanced adhesiveness was assessed by allowing cells to sit at room temperature for up to 45 min after removal ofthe CF. As can be seen in Table III , the enhancement induced by exposure to f-Met-Phe, ZAS, and C5a remained unchanged over this time even though the percentage of cells with a bipolar shape had decreased significantly from stimulated levels. In contrast, by 45 min the adhesiveness of PMN exposed to BCF was near that of controls.
Effect of preincubation in CF on random motility. ±3.9% of the control response to f-Met-Phe (n = 20, P < 0.001). The time course of preincubation required for this effect was tested for each factor. Preincubation in 10 ,M f-Met-Phe and 35 ,ug protein/ml C5a for 10 min gave maximum depression of subsequent chemotaxis. Maximum effect ofpreincubation in 10% ZAP did not occur until 45 min.
Decreased counts (P < 0.02 for each set of experimental conditions) also occurred when the pretreated cells were responding to CF other than the deactivating factor. PMN preincubated in 10% ZAP gave 46±10% (n = 4) of control counts when f-Met-Phe was the chemotactic stimulus, and 25.8±12% (n = 4) when C5a was the stimulus. PMN preincubated in 10 ,M f-MetPhe resulted in 23±8% (n = 4) when ZAP was the stimulus, and 39.7±15% (n = 4) when C5a was the stimulus. PMN pretreated with 35 ,ug protein/ml C5a gave 49.9±5.3% (n = 5) when ZAP was the stimulus and 51.8±8.9% (n = 5) when f-Met-Phe was the stimulus.
Preincubation in BCF (1:50-1:500 dilutions) did not significantly alter the response of PMN in chemotaxis chambers to BCF (105±14% of the response of cells preincubated in HBSS, n = 4), f-Met-Phe, C5a, or ZAS (94.6%, 108%, and 118%, respectively, n = 3).
Restimulation of PMN: effects on cell shape and adhesiveness. Preincubations of PMN in CF were performed under conditions defined above. The PMN were washed twice and resuspended in HBSS and then restimulated at 15, 45, and 70 min after removal of the CF. Only PMN exposed to f-Met-Phe failed to respond to f-Met-Phe. All other experiments gave percentages of bipolar forms in suspension which were not significantly different from PMN preincubated under the same conditions in control solutions (HBSS or 10% serum) (Fig. 4) . These results indicate that with the exception of f-Met-Phe, the preincubation in CF did not prevent the cells from "recognizing" and responding to a second chemotactic stimulus, and that the ability to respond as evidenced by a change in cellular shape was present from 15 to 70 min after removal of the initial stimulus.
A second exposure to CF did not significantly alter the level of attachment to serum-treated glass for PMN pretreated with f-Met-Phe, C5a, or ZAS. However, each restimulated adhesiveness in BCF-pretreated PMN (Table V) . These effects on adhesiveness correspond to the observations in the Boyden chamber: Pretreatment of PMN with f-Met-Phe, C5a, and ZAS resulted in marked reduction in subsequent migratory response to the same or different CF, while pretreatment in BCF did not decrease subsequent chemotaxis.
DISCUSSION
Cellular polarity in neutrophils induced by CF. The data presented above support the idea that CF stimulate in neutrophils expression of an intrinsic cellular polarity which is not dependent upon a concentration gradient ofCF or upon attachment ofthe cell to a surface. Our results show that human PMN are mostly spherical when isolated by the technique used in our study. When added to HBSS containing a CF, these spherical cells develop a polarized shape much like that seen in neutrophils migrating on a surface. The cells in suspension lack retraction fibers, however. The percent of bipolar cells varies with the concentration ofthe CF, remains high for up to 60 min in its presence, FIGuRE 4 Change in shape of PMN exposed to CF. PMN were incubated in CF (10 ,uM f-Met-Phe, 35 Ag protein/ml C5a, 1:50 BCF, or 10% ZAS) or control solutions (HBSS or 10% serum) for 30 min at 37°C (the incubating solutions are listed above each group of5 bars). The PMN were then washed twice in HBSS and allowed to sit for 45 min at room temperature. The cells were then re-exposed to CF (listed in abscissa) for 10 and falls to low levels by 15 min after its removal. The rapid occurrence ofthe change in cellular shape and the maintenance of a high response at low concentrations ofcells suggest that it is a direct effect ofCF on the cells, Factors affecting cellular adhesiveness. Our data are consistent with the observations that the pretreatment of glass with albumin or serum reduces attachment of neutrophils to the treated surface (18) . Though the chemical basis for this effect is yet to be determined, we used the phenomenon to provide a controlled level of attachment of neutrophils to a surface. Thus, we did not apply a controlled force to detach the cells, and we could use a slide chamber for direct observation of the cells contacting the surface. This technique allowed confirmation of the conclusion made by others that the exposure of neutrophils to activated plasma (19) and f-Met peptides (17) increases their adhesiveness. Furthermore, we were able to show that a chemotactically active fraction of activated serum (C5a) as well as BCF produced significant enhancement of adhesiveness.
Adhesiveness and change in shape in response to a CF could be dissociated by four experimental conditions. (a) Adhesiveness to serum-treated glass was affected by Mg++ levels in the medium; a finding consistent with the reports of others (4, (20) (21) (22) (23) (26) . With one exception, deactivated neutrophils were able to change shape in response to a second chemotactic stimulus. The exception was with f-Met-Phe, which induced a specific unresponsiveness to restimulation with f-MetPhe. This observation seems to be consistent with those of Hatch et al. (27) and with the concept of a cell-associated receptor for f-Met peptides (28, 29 In contrast to the results concerning changes in cell shape, the enhanced adhesiveness induced by preincubation in C5a, ZAS, and f-Met-Phe did not diminish toward control levels after removal of the stimulus and was not altered by a second exposure to a CF. Thus, the conditions which produce deactivation also result in sustained enhanced adhesiveness. Pretreatment with BCF did not produce a sustained effect on cell attachment, nor did it produce deactivation. The nonspecific characteristics of chemotactic deactivation (cross-deactivation and decreased translocation in the absence of a chemotactic gradient) may therefore be causally linked to the sustained enhancement of adherence. An association of increased resistance to detachment and decreased migration has been observed in certain tissue cells (5, 6) and in macrophages exposed to lymphokines (31) .
Several other observations indicate that alterations in neutrophil migration are associated with alterations in the cell-substratum interaction. (a) Albumin has a chemokinetic effect in the Boyden assay (32) and has been found by many investigators to be important in obtaining an effective chemotactic response. Albumin decreases neutrophil adherence to glass. (b) Deficiency of Mg++ in the culture medium significantly reduces PMN migration in the Boyden assay (13, 33) and adhesiveness to protein-coated glass (4, (20) (21) (22) (23) (35) . This effect is apparently a result of casein bound to the filter. Thus, it seems that interpretations of PMN migration in the Boyden assay must include consideration of the cell-substratum interaction.
Studies in vitro, such as the ones discussed above, indicate that CF influence neutrophil mobility in several ways depending upon the concentration of the factor and the mode of presentation to the cell. There may simply be a change in cellular shape not requiring attachment to a substratum or an enhancement oftranslocation expressed either as a polarized, but randomly directed, locomotion or as a directed migration in a gradient. There may be reduced migration via the mechanisms of deactivation. These mechanisms are unclear at present but, as indicated by our results, probably involve both saturation of receptor sites (e.g., as with f-Met peptides) and nonspecific changes in the mechanisms of cellular locomotion. Furthermore, neutrophils exhibit enhanced adhesiveness on exposure to CF under conditions which result in chemokinesis and in deactivation. This effect, if it occurs in vivo, may influence margination. Whether CF enhance cellular adherence to a substratum when presented to the cell in a gradient remains to be tested. This possibility seems quite likely and may be a part of the mechanism of orientation in a gradient (1) .
